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PREDICTIVE MODEL OF ELECTRON BEAM INDUCED FLASHBLINDNESS

INTRODUCTION

When high-energy particles traverse a dielectric, the medium is polarized
and electromagnetic radiation is produced. If the particle velocity is greater

than the velocity of light in the medium, the radiation will undergo construc-

tive interference and travel in the forward direction at zero angle with the
" direction of the particle. The condition for constructive interference results

*. in the relation

cos 0 = vX/vo, (1)

where vx is the velocity of light in the medium, c/n , and v. is the velocity

of the particle. The light produced is called Cerenov radiation for the sci-
entist who first described the underlying mechanism. Subsequent work by Frank

and Tamm (1) resulted in quantitative relationships for the calculation of the

spectral distribution and the total radiant energy per unit path length.

The purpose of this study is to consider the effect on visual performance
of the Cerenkov radiation produced by a beam of electrons with energies of a

few megaelectronvolts or greater. Specifically, consideration will be given to
the feasibility of applying the existing data on flashblindness to predict
visual performance following microsecond exposures to the electron beam. The

problem proposed is important in view of the current development of particle
beam accelerators. The major complexity of the problem is that the Cerenkov
radiation produced within the eye has different spectral and spatial character-

" istics from any that can be produced by external sources.

Practically all of our current knowledge of flashblindness phenomena is

based on experimental work performed with high-intensity flashes from external
"white" light sources. Such externally produced light is filtered by the ocu-

* lar media before impinging on the retina. The cornea and lens absorb strongly
below 400 nm. The optical system of the eye limits the angle of incidence on

the retina to within a few degrees of the axis of the receptors. The shortest
exposures used in flashblindness studies have been of the order of 100 psec,

*". and there is some danger in extrapolating the results to the 1-psec range. In

view of these facts, it is obvious that there are serious practical difficul-
ties in applying our presently available flashblindness data to the signifi-
cantly different conditions encountered with Cerenkov radiation.

CHARACTERISTIC'S OF' CERENKOV RADIATION

The kinetic energy of particles accelerated to relativistic velocities is
given by:

. T = moc 2  {-1 + IIV " (2)oc (2)

.1
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"" where c is the vacuum velocity of light, 2.998 x 108 m/sec, mo is the rest mass
of the particle, and a is the ratio of the velocity of the particle to the vac-

°[ uum velocity of light,

a = Vo/C (3)

The conditions for constructive interference of the light emitted while a

charged particle moves through a dielectric medium require that the particle
velocity be greater than that of light in the medium. The velocity of light in
a medium of index of refraction n is

v =c/nX (4)

The subscript A is used because all optical media exhibit dispersion or a

"- variation of index of refraction with wavelength. From equations (3) and (4),

constructive interference will result in Cerenkov radiation when

a > 1/n. (5)

The threshold energy for Cerenkov radiation can be found from equations
(2) and (5) for an electron traversing the eye. The rest mass of an electron

is 9.1 x 10-31 kg, making the electron mass energy,

mec 2 = 0.5106 MeV. (6)

The indices of refraction of the ocular media range from approximately that of
water at 36 °C to a maximum of about 1.42 for sodium light for the center of
the lens. The aqueous and vitreous humors, which account for approximately 90%

of the total volume of the globe, have the lowest index of refraction. The
indices of the various ocular media as a function of wavelength are shown in
Figure 1. Using the inverse of the lowest index of refraction for a (equation
5) and substituting in equation 2, we find that the threshold energy for the
production of Cerenkov radiation by electrons in the eye is 0.2623 MeV.

The direction of light travel is at zero angle with the direction of the

particle, and the conditions for constructive interference yield the relation-

ship

cos 0 = 1/3n. (7)

- From this relationship, we can calculate the half angle of the cone of light
*" formed as an electron traverses the eye. The half angles are shown in Figure 2

-* for nD for the aqueous and vitreous humors and for the central lens as a fune-
tion of the electron energy. For energies above a few MeV, a - I and the cone

half angles are a maximum.

Frank and Tamm (1) derived the quantitative relationships for the total
Senergy radiated in a short element of the particle path. Stated in terms of
| the number of quanta radiated in 1 cm of path length in a wavelength interval

LA, the intensity is

* 4r2z2c2  1 1 1
I hc A1 - A2  1 - B (8)

2

07



CENTRAL LENS

1.36

.3

AQUEOU&VTERENUS

1.36

300 400 500 600 700
* WAVELENCTH (nmi)

Figure 1. The index of refraction of the ocular media (2).
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* Figure 2. The angle between the Cerenkov radiation and the direction of travel
of an electron through the ocular media as a function of the electron
energy.



Substituting the values: z = -1, e = 4.8 x 10-10 e.s.u., h = 6.625 x 10- 2 7

erg-sec, c - 2.998 x 1010 cm/sec, and cos 0 for 1/8n; the number of quanta per

em of path length for electrons is

I = 2AXA sin 2 0,

137Z (9)

where X is the central wavelength in the interval in cm. The equation indicates

that the number of quanta per constant wavelength interval varies as the in-
verse square of the central wavelength. This fact, together with the increas-
ing index of refraction with decreasing wavelength, results in a spectral

distribution rich in short wavelengtns.

The spectral distributions for the aquoous and vitreous humors and central
lens are shown in Figure 3 for electron energies of about 6 MeV or greater;
that is, for electron velocities close to the vacuum velocity of light. The
distributions have been calculated for the wavelength range from 300 to 760 nm.
Pinegin (3) reported that all of his subjects could see 305 nm if the intensity
was sufficiently high and if the chromatic aberration of the eye was corrected.
The crystalline lens absorbs strongly below 380 nm, so we usually consider the
limits of the visible spectrum to be about 380 to 760 nm. It is interesting to
note from the values in Figure 3, that around 42% of the total quanta in the
range are in the wavelength interval from 300 to 400 nm.

PHOTOMETRY OF EXTERNAL SOURCES

For an adequate comparison of the effects of Cerenkov radiation on visual
performance with the experimentally determined flashblindness data, we must
consider the characteristics of the external flash sources and the transmis-
sion of the eye. It is appropriate to review the definitions of the basic

*photometric units. The photopic and scotopic luminosity factors adopted by the
Commission Internatlonale de l'Eclairage (CIE) in 1932 and 1951 provided the
standardized values for the effectiveness of radiant power at each 5-nm wave-
length interval from 380 to 760 nm. The luminosity factors have been exper-
imentally determined and referred to the light used by the retina in producing
a sensation of brightness; that is, both the absorption of the ocular media And
the action spectra of the retinal photopigments are included In them. The
scotopic curve, peaking at 507 nm, and the photopic curve, peaking at 555 nm,
refer to rod vision and cone vision respectively.

The luminosity factors are used in converting radiometric quantities
(watts) to photometric quantities (lumens) through the definition of the
candela (cd). The physical standard for the photometric units is a blackbody
at the freezing point of platinum. By definition, such a blackbody has a
luminance of 60 cd/cm 2. The blackbody radiation laws give a precise descrip-
tion of the spectral radiance and total radiant power from such a source. Py
summing the products of the luminosity factor and radiant power in each wre-
length interval and equating to 60 cd/cm2 , the values of 1750 scotoplc lumens
per watt at 507 nm and 680 photopic lumens per watt at 555 nm are found. Tn
like manner the luminance of any radiating or reflecting surface can be found
from its spectral radiance distribution.

As an example, we can calculate the luminous flux from a xenon flash tube
for both rod and cone response. The xenon flash is the most commonly Js-d

4
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source for flashblindness studies. Figure 4 shows a typical spectral steradi-
ancy distribution for such a source filtered through an optical system and an
infrared absorbing filter. The two lower curves are tfie equivalent watts of

507 and 555 nm for each wavelength; the glass in the optical train absorbs most
of the energy below 4CO rum. This distribution acrounts for the difficulty in
comparing the effects of Cerenkov radiation witn flashbiindness data frcm

external sources.

A useful unit in dealing with problems of retinal events is the troland, a

unit of retinal illuminance. The uniL involves knowledge of the pupil area so
it is especially useful witt. Maxwellian view systems in the laboratory. The
unit is also useful fo- evaluating the effects of flashes delivered against

" steady-state conditions of known luminanct levels. The troland (td) is defined
as the retinal illuminance from a surface of 1 cd/m

2 viewed through 1 mm2 of,

pupil area, or the td is equivalent to 10- 6 lumens per steradian of visual
angle. This value can be converted to the number of quanta per steradian per"
second corresponding to 1 td:

1 scotopic td = 1/1750 equiv. watts of 507 nm (10)

and substituting the value of the energy of 1 quantum,S

I scotopic td = 1.46 x 109 q/w cisr of 507 nm (1I)

In like manner,

I photopic td = 4.11 x 109 q/rec/sr of 555 nm. (12)

It is helpful to examine the luminance values found in some common light-

ing situations to gain an appreciation of the magnitude of the units. In
Table 1, a range of lumiJnance levels is listed with the retinal illuminances

based on average pupil diameters for the conditions of viewing. The absolute
threshold for la-ge fie!d--, (r,6) curresponds to one quanta of 507 nm at the
cornea for 900 reds. A't cone threshold, this quantity rises to 3 quanta per

rod.

* TABLE 1. THE AVERAGE LUMINANCE VALUES AND RETINAL ILLUMINANCES FOR A
VARIETY OF COMMONLY ENCOUNTERED SITUATIONS. IN THE CONDITIONS
MARKED RODS, THE RETINAL ILLUMINANCE IS IN SCOTOPIC TROLANDS.

Luminance Retinal
Condition cd/m 2  illuminances td

Absolute threshold (rods) 7.3 x 10- 7 3.7 x 10- 5

Darkest night sky (city)(rods) 1.4 x 10- 5  6.8 x 10- 4

Snow in starlight (rods) 3 x 10- 4  1.6 x 10-2
Cone threshold--color appears 3 x 10- 3 .1

Snow or cloud tops In full moon 3 x 10- 2  1

Snow - 40 min past sunset .32 5.6
Light object - average interior, (night) 102 103

Blue sky well away from sun 103 4.6 x 1o3

Snow or cloud tops in full sun 104 3.7 x 104

Sun at the horizon 6 x 106 2 x 107

Sun at the zenith 2 x 109  6 x 109

°6
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TRANSMITTANCE OF THE OCULAR MEDIA

The luminosity factors include the spectral transmittance of the retinal
photopigments. To correlate external stimuli with retinal processes, it is

imperative that the actual quantity and direction of the light at the retina be
known. This process is a very difficult problem and a number of efforts have
been made to measure the absorption, scattering, and image-forming character-
istics of the eye. The practical difficulties can be glimpsed from the wide

• variation in the results from different investigations.

One of the most serious practical difficulties is that the contents of the

globe are either liquid or a soft gel. The scattering properties are a result
"-" of the cellular structures and minute incusions; they will be drastically
.- altered by small changes in the Intraocular preesure, water content, and any

other change from the normal physiological state. Another problem is the short

* -. focal length of the optical system of the eye. It is a relatively simple
matter to measure the transmittance of a slab of material with polished paral-
lel sides, but orders of magnitude more difficult to measure the spectral
transmittance of a short focal length, diffusing optical system.

The three most frequently cited Investigations wtll be briefly reviewed in
*an effort to define their ranges of applicability. Ludvigh and McCarthy (6)

measured the direct transmittance through excised human eyes from subjects over
60 years old. They removed a small area of sclera, choroid, and retina from
the back of' the eye and covered the exposed vitreous with a cover slip.
Twenty-one wavelength bands from 400 to 700 nm were selected by means of a

monochromator and the signal from a photocell with and without the eye in
- place was used as the measure. The final data were corrected for the known

yellowing of the lens with age and presented as representative values for young
- (21-year-old) subjects. The photocell sampled the area near the fovea and

included only a portion of the scattered light, which for the older eyes used

would have been significant.

Boettner and Wolter (7) measured the direct (limited to the image area)

and the total transmission of the individual media: cornea, aqueous, lens, and
vitreous. They arrived at the transmittance of the whole eye by combining the

* values for the Individual components. They extended the wavelength region to

an interval of 300 nm to 1.2 Vn for monkey eyes and several human eyes ranging
in age from 3 weeks to over 75 years. Their technique involved placing the
components between parallel plates of glass and, in the case of the lens, ap-

*plying pressure to flatten the poles.

Geeraets and Berry (8) measured the transmittance to the retina of whole
excised eyes of humans, rabbits, and monkeys. They found that the only light
lost through the preretinal media was that lost by reflection at the inter-
faces from 600 to 850 mm. The technique used ensured that the scattered as
well as the Imaged light was measured. The results from the three investiga-

*" tions for human eyes have been redrawn on one graph In Figure 5.

-. A portion of the disparity between the curves of Figure 5 can be attri-
- buted to the conditions of measurement. The two lower curves refer to light

transmitted in the region of the source image. As such, they provide the
* appropriate values to use with the photopic luminosity factors which were found

for a 20 field. The upper curves in the graph include the scattered portion of

the transmitted light and correspond to large field viewing such as was used

%8

0.•

* . . . ..-o. .
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Figure 5. The transmittance of the preretinal ocular media as
measured in three separate investigations.

9



for the scotopic luminosity factors. The magnitude of the discrepancy is

disturbing, however, in view of the importance of the transmittance in corre-

lating psychophysical studies with knowledge of retinal events from other

disciplines.

The aqueous and vitreous humors have high transmittance, similar to water,

through the ultraviolet (UV) and visible portion of the spectrum. The cornea
begins to absorb at 310 nm and is nearly opaque to wavelengths shorter than 270
nm, while the lens is the principal site of absorption for wavelengths between
about 400 and 300 rni. Fortunately, the transmittance of the lens can be as-

- . sessed in vivo by using subjects who have had one or both lenses surgically
* removed but have normal retinal function. These subjects are called normal
" aphakics. Wald (9) measured the effect of the lens on the scotopic luminosity

curve in this manner and found the aphakic sensitivity to be 1000 times that of
the normal at 365 nm. Similar results were obtained by Wright (10).

The results of Wald and Wright do not necessarily mean that the lens has
an optical density of 3.0. Normally, the retina is protected from UV by the
lens, but if a freshly excised retina is kept dark adapted during preparation,

then illuminated by UV light, it fluoresces strongly in the blue-green. Uni-
lateral aphakics have reported that the color produced by light from 300 to

*360 nm appears blue, thus indicating that the fluorescent light is used by the
receptors. Since the color of the fluorescent light is near the luminosity
peak, it is visually more effective than the exciting light. These facts con-

- tribute to an understanding of the color descriptions of Cerenkov radiation.

SPECTRA SENSITIVITY OF THE RETINA

The variability of the transmittance measurements sharply reduces the
probability of using the luminosity factors to obtain a valid assessment of
retinal spectral sensitivity. The necessary data can be obtained from measure-

ments of the absorption characteristics of the retinal photopigments. Rhodop-

sin, the pigment of the rods, has been extensively studied and the absorption
spectra from various species have been measured in solution. The absorption
peaks for all mammals fall within a few nanometers. The cone photopigments
have never been extracted from the human retina, probably because the cones
account for only about 5% of the receptors.

Cattle rhodopsin is similar to human rhodopsin with the absorption peak
at about 498 nm. The spectral absorption of cattle rhodopsin is shown in Fig-
ure 6 over the wavelength region from 250 to 600 nm (11). The spectral absorp-

tion consists of three peaks, in the visible, near UV, and UV. The absorption
in the visible is similar in shape to the scotopic luminosity curve, except
for the wavelength region where lenticular absorption is significant. The

* curve shows a sharp maximum at about 280 nm. This band is due to the protein
and is similar in all retinal photopigments. The crosses on the curve repre-
sent the photosensitivity for bleaching for frog rhodopsin, scaled to match the

* absorption peak at 500 nm. As the crosses indicate, light absorbed in the
protein band does not bleach the photopigment and, therefore, can be considered

to be visually ineffective.

*[ Extremely short wavelengths in the $-ray, Y-ray, and x-ray regions also
produce visual stimulation (12,13). The effectiveness of ionizing radiation
has been compared with that of light stimulation in several species, using the

100.,I
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Figure 6. spectral absorption~ of cattle rhodopsin.



electroretinogram (ERG) response. Dark adaptation following exposure to ioniz-
Ing radiation and to light has been compared by recording the pigment migration
in the eyes of moths (14). These studies provide us with an estimate of the
retinal sensitivity to short wavelengths relative to that for visible light.
The mechanism underlying the visual response to ionizing radiation is not as
well known as in the case of the photopigment response to visible and near UV
radiation.

The density spectrum of cattle rhodopsin is replotted in Figure 7 with the
spectral sensitivity of the aphakic (15,16). The sensitivity was determined by

*: electroretinography. The aphakic sensitivity in the figure has been corrected

by the transmittance of the cornea (crosses) and, as such, refers to light at
the retina.

The curves are plotted on an equal quantum basis unlike the luminosity
factors which refer to an equal energy spectrum. The similarity between the
density spectrum for rhodopsin and the sensitivity to external flashes at the
different wavelengths is striking. In the case of the relatively low density
of rhodopsin in the human rods, the density spectrum and the absorption spec-
trum can be shown to be essentially identical (4).

* The use of the ERG in assessing the visual effectiveness of the spectral
* bands is especially helpful in comparing the results with Cerenkov radiation.
-' The ERG responds to the total light in the eye and can be elicited with light

imaged on the optic disc. In such a case, the ERG is responding to scattered
light only and, therefore, is similar to the effect of the diffuse Cerenkov
radiation. The values from Figure 7 will be used as the scotopic luminosity
factors in evaluating the luminous flux from Cerenkov radiation from electron
beams.

EFFECTS OF CERENKOV RADIATION

The data in Figure 7 for the spectral sensitivity to an equal quantum
spectrum at the retina can be combined with the quantal distribution of Cer-
enkov radiation in Figure 3 to find the equivalent number of quanta at 507 nm.
The calculation yields the value of 106 equivalent quanta of 507 nm/cm of path
length through the aqueous and vitreous for each electron of 6 MeV or greater.

To develop the predictive model of the electron beam induced flash ef-
fects, we will use a simplified model of the eye. We will assume a thin
spherical shell, 2.4 cm in diameter, filled with aqueous and vitreous humors.
While the calculations for Cerenkov radiation showed a 13% increase in quanta
per unit path length in the central lens, its thickness is of the order of
2 mm, and the difference will be ignored. The average path length in the

* sphere can be found by equating the volume of a cylinder of the same radius, r,
and height, h,

hwr 2  4 4/3N 2 
- 4/3wr3  (13)

and solving for h. This gives the average path length of 1.6 cm in the eye,
assuming that the electron beam is an equispaced array of particle paths.

* Therefore, the average yield per electron in terms of effective light is

1 e - 170 equivalent quanta of 507 nm. (14)
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It has been experimentally determined that the number of accelerated par-

ticles in the electron beam can be expressed by the relation

1 rad - 2.3 x 107 e-/cm2  (15)

The cross-section area intercepted by the spherical shell is 4.5 cm2 . There-
fore, the number of equivalent 507 nm quanta produced in the eye by an clectron
beam can be calculated from the relationship

1 rad a 1.76 x 1010 equivalent q of 507 nm. (16)

A further simplifying assumption will be made, namely that all quanta generated
will reach the back hemisphere of the globe or will cover 2r steradians. This
process leads to the relationship

1 rad - 2.8 x 109 equiv. q/sr of 507 nm. (17)

We now have the necessary data to allow a comparison with the retinal
.. illuminance values from external sources. We found that 1 scotopic td is

equivalent to 1.46 x 109 q/sec/sr of 507 nm (Equation 11). The total transmit-
tance of the ocular media at 507 nm can be found by taking the average of the
two upper curves in Figure 5. The average value is 0.8, therefore, for exter-
nal light sources

1 scotopic td = 1.17 x 109 q/sec/sr of 507 nm (18)

at the retina. The above value refers to a steradian of visual angle, whereas,
the steradian of equation 17 refers to the areas of the globe. The posterior
nodal distance of the eye is about 1.67 cm, and we have assumed the value of
1.2 cm for the radius of the globe. Combining equations 17 and 18 with the
correction for the areas of the unit solid angles, yields the desired relation-
ship for converting the electron beam induced Cerenkov radiation to retinal
exposure,

I rad - 4.6 scotopic td-sec. (19)

There seems to be no existing data on the absolute threshold for a ganz-
feld for exposures as brief as 1 psec. With some assumptions concerning tempo-
ral and spatial summation, we can extrapolate the existing data. The estimated
value is 2 x 10-5 scotopic td-sec. Based on these calculations for Cerenkov
radiation, absolute visual threshold corresponds to a total dose of about 4.3

urad. This value for visible and near UV light can be compared with 0.5 mrad
exposure to x-rays for threshold visual response with whole retina stimulation
(18).

OA similar calculation for cone sensitivity yields the conversion factor

1 rad * 9.95 x 108 equiv. q of 555 nm/sr. (20)

• From equation 18 and the transmittance of the eye media at 555 rnm,

1 photopic td - 3.5 x 109 q/sec/sr of 555 run (21)

at the retina. Thus 1 rad - 0.55 photopic td-sec. (22)
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Equations (19) and (22) provide the conversion factors frr a direct

comparison of whole eye exposures to rel:itivist!c electron beams with flash-
blindness studies. A large body of data is available on foveal recovery times
following flash energies of the magnitud,> anticipated in nuclear weapon det-
onations; i.e., from 104 to 107 photopic tdr-Fc. In the low photopic range of
adaptation, a flash of 3 x 104 photopi, td-se, results 'n approximately 1 sec
recovery time for a 0.31 visual acuity gratin' or 1.5-mL luminance (19). The
recovery times double for parafoveal a_ufty targets for 600 flash fields ,om-
pared with ?0 fields. Fovoal recovery times are not sensitive to field si'p
changes (20). The existing data indicate that under photopic light levels, the
electron beam flux would have to be o, the order of 105 rads to cause a m-asur-
able decrement In visual performance fo- instrnent reading or similar tasks.

Under scotopic adaptation levels, much smaller flash en-rgies produce
measurable changes in peripheral sensitivity. An exposure of 1.7 scotopic
td-sec in an area 20 from the fovea resulted in a measurable decrease in sensi-
tivity, while exposures ten times greater in the area from 60 to io from thc
fovea had no measurable effect (21). However, this result implies that whole
eye exposures to a 10-rad electron beam migrt cause an interruption of a few

seconds in the dark-adapted eye for the detection cf peripheral targets.

CONCLU:O7NS

Practical difficulties aris in applying our existing data on flash-
blindness or transient adaptation to a predictive model of similar phenoena
resulting from Cerenkov radiation, produced within the eye by relativistic
particles. The spatial dlstritbtion (f the Cerenkov photons results In most of
the light entering the receptors at a large angle to their axes. The retinal
direction effect, or Stiles-Cr'awford effect, results in e reduced effectivity
for light under such conditions, particularly in the cones. However, the rods
will exhibit some directional effect for large angles of entry. The Stiles-
Crawford effect has been neglected in the simplified model used in this report,

dnd it. may redone tr.e effectIveners of the fcr-nkov radiation by as much as a
factor of ten.

The spectral eharaztristlcs o' the Cererkov radiation have been evaluated
and converted to equivalent retina' irarldianco from external sources. On the

basis of the conversion, electron fluxes Dave been estimated for 2-sec recovery
times from flashbllndlng. The electrong aro assumed to have energies >6 MeV
and to be delivered in I or morF tursts c I .se,, each over 1 sec. It is im-
portant to note that very little data ex~sto on recovery times as short as
2 sec for either photopi, or seotopic conlIt ions. This situation is a direct
result of the lack of definition or the critical t.3sks and .:vir sensitivity to
an Int.-rruptlon of backgrinnd diaptatjon.

The Cerenkov radiat ion prud-ji(e wit ir tlb ey- by relativistic &leetrons
can be compared to !lgrt from external ,,;urces by the rel-tlonships:

1 rad 4.0 scotopi td')ec ()3)

and

I rad ). t photop;, t c. (L)

Based on these conversien lactorg, the fc ]1 n.lng estimat,,s -an be dfrived by
extrapolation from eXi.SLing dta

13
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1. Absolute threshold is equivalent to the Cerenkov radiation from a 4.3-
prad electron beam and to a 0.5-mrad x-ray beam.

2. For low photopic levels of adaptation (approximately 10 td), 105-rad
electron beam would be required for a 2-sec recovery time for foveal or para-

foveal vision.

3. For the dark-adapted eye, a dose of 10 rads may cause a 2-sec inter-
ruption in the detection of low-contrast, peripheral targets.
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